Abstract
In this study we evaluate, at full atomic detail, the folding processes of two small helical proteins, the B domain of protein A and the Villin headpiece. Folding kinetics are studied by performing a large number of ab initio Monte Carlo folding simulations using a single transferable all-atom potential. Using these trajectories, we examine the relaxation behavior, secondary structure formation, and transition-state ensembles (TSEs) of the two proteins and compare our results with experimental data and previous computational studies. To obtain a detailed structural information on the folding dynamics viewed as an ensemble process, we perform a clustering analysis procedure based on graph theory.
Moreover, rigorous p fold analysis is used to obtain representative samples of the TSEs and a good quantitative agreement between experimental and simulated Φ-values is obtained for protein A. Φ-values for Villin are also obtained and left as predictions to be tested by future experiments. Our analysis shows that two-helix hairpin is a common partially stable structural motif that gets formed prior to entering the TSE in the studied proteins. These results together with our earlier study of Engrailed Homeodomain and recent experimental studies provide a comprehensive, atomic-level picture of folding mechanics of three-helix bundle proteins.
An eventual solution to the protein folding problem will involve a close calibration of theoretical methods to experimental data (1) (2) (3) (4) . In the endeavor of obtaining a quantitative agreement between theory and experiments, two small α-helical proteins have played a central role, namely the B domain of protein A from Staphylococcus aurues and the Villin headpiece subdomain from chicken. While these proteins belong to different SCOP fold classes (5) , both have simple three-helix-bundle native topologies and fold autonomously on the µs time scale (6, 7) . This makes them ideal test cases for protein simulations and numerous simulation studies, ranging from simple C α Go-type to all-atom models with explicit water, have been undertaken for both protein A (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) and Villin (16, 17, (22) (23) (24) (25) (26) (27) (28) (29) .
Important advances have been made towards agreements with experiments for both proteins but several key issues remain unresolved (6, 30, 31) . The need for additional studies is also emphasized by recent experiments. Fersht et al. (31, 32) performed a comprehensive mutational analysis on protein A by obtaining Φ-values at > 30 amino acid positions, providing a new important benchmark for simulation studies. The obtained Φ-values suggest that the transition-state ensemble (TSE) is characterized mainly by a well-formed H2 (we denote the three individual helices from N-to C-terminal by H1, H2, and H3, following previous convention.) stabilized by hydrophobic interactions with H1. Many simulation studies (8, 9, 11, 13, (16) (17) (18) , although not all (10, 14) , have emphasized H3 rather as the most stable helix and the first to form during folding, in line with early circular dichroism measurements on individual fragments of protein A (33) . Recent experimental studies of Villin (34, 35) have focused mainly on achieving fast folding mutants, although new biophysical characterization of wild-type Villin was also obtained. Interestingly, the results indicate that these mutants are approaching the "speed-limit" for folding. Nonetheless, a limited free-energy barrier for folding remains so that the TSE (and by consequence Φ-analysis) is still a meaningful concept for Villin.
In order to obtain a complete picture of the folding kinetics for a protein, the observation of a large number of folding trajectories is crucial. This might be particularly important for protein A, given that the inconsistencies between various computational studies for this protein may lie in the existence of multiple transition states and pathways (36) . We recently developed a minimalist transferable all-atom model (37) , which was successfully used to predict ab initio the native structures of a diverse set of proteins including α, β, α+β, and α/β proteins. Here we apply the same model to protein A and a single-point mutant of Villin, but go beyond structure prediction by carefully exploring their folding behavior as an ensemble process. Moreover, we determine the TSEs for two proteins. To achieve this, we make use of p fold analysis, which requires additional simulations but is the most reliable method for identifying the TSE (38, 39) . Combining the results obtained here with previous results for the Engrailed Homeodomain (ENH) (40) allows us to formulate a universal framework for the folding of small 3-helix bundle proteins within which we find a substantial diversity in the details of the folding mechanism.
Results
We perform 2000 MC dynamics folding trajectories for protein A and Villin at a single temperature (T ≈ 300 K), starting from random initial conformations (see Supporting Text). The large number of folding trajectories and the long total simulation time (≈ 70 ms) can be achieved because of the relative simplicity of our transferable all-atom protein model (Eq. 1 in Methods).
Our objective is, based on these simulation results, to identify and compare robust features of the folding mechanism for the two proteins.
Initial selection of trajectories. Not all of the 2000 trajectories contain native-like low-energy structures. Therefore, before turning to the folding kinetics, we make an initial objective selection of a set of "representative" trajectories that fold into native-like conformations. This selection of trajectories is based on a simple clustering procedure of the lowest-energy structures obtained for the respective trajectories (this procedure is different from the structural kinetic cluster analysis performed on the full trajectories below). Hence, we first collect for each trajectory the lowest-energy structure observed in that trajectory. This set of 2000 conformations (each one representing a trajectory) is then clustered using their pairwise root-mean-square deviation, RMSD, into a simple single-link graph. In this graph, each node represents a conformation and edges are drawn between any two conformations (nodes) whose RMSD is below a threshold value d c . Finally, we select the cluster with the highest average connectivity, < k >, where k is the number of edges of a node and < > is the cluster average. With our choice of d c (1.1 and 1.5 Å for protein A and Villin, respectively) the two clusters selected for protein A and Villin contain roughly the same number of structures (147 and 149 for protein A and Villin, respectively). All structures within these clusters are highly similar to each other and, more importantly, they are structurally highly similar to the respective experimental structures (<RMSD> = 2.7 and 2.8 Å for protein A and Villin, respectively).
Having made this selection of lowest-energy structures based on their structural connectivity, we will in what follows focus on the corresponding 147 and 149 trajectories respectively which are now guaranteed to proceed to low-energy, highly native-like states. A selection criterion based on structural connectivity among minimum-energy structures is objective as it does not require the knowledge of the native conformation. It is also relatively robust with respect to the choice of the cutoff value d c , although nonnative-like clusters can sometimes have comparable connectivities <k> (see Fig. S1 in Supporting Information). In particular, we find that clusters representing the "mirror image" topologies of the helix bundles are highly connected. A similar in spirit connectivity criterion has been used previously to identify high-quality candidates in protein structure prediction contexts (41) . We find that the center structures within each of the two selected clusters for protein A and Villin, i.e. the top-k structures, are indeed at least as native-like as the cluster average (see Fig. 1 (42) .
Chain collapse vs secondary structure formation. We begin by examining the relaxation behavior of the two proteins. Fig. 2 compares the chain collapse and helix formation as obtained from the selected trajectories. A common property for the two proteins is a relatively rapid initial collapse of the chain, although it is slightly faster for Villin. Due to this fast "burst" phase, we find that the R g relaxation is well described by a double-exponential function for both protein A and Villin (see Fig. 2 , upper panels). Similar fits are obtained for the total energy E and the RMSD with similar fit parameters (see Fig. S2 ). We find that the two time constants are separated roughly by an order of magnitude and we associate the slowest relaxation phase (time constant τ slow ) with the overall folding process. Averaging over the three observables (R g , E, and, RMSD), we find <τ slow > = 43.0 × 10 6 MC steps and <τ slow > = 42. While the collapse behavior is similar for the two proteins, we observe differences in the way secondary structure is formed, as can be seen from Fig. 2 (lower panels). For protein A, the initial collapse phase coincides with the formation of H3. H1 and H2 are also formed during the collapse, albeit only partially. Hence, there is a substantial overall coil-to-helix transition in the initial phase of folding. In contrast to protein A, Villin exhibits relatively fast formation of both H2 and H3 during the initial chain collapse while H1 forms at a slower rate. Although helix formation can be fast in our model, as exemplified by H3 in protein A, we find that it is not unrealistically fast however. Laser-induced T-jump experiments have been obtained for protein A using IR spectroscopy (7) and for the Villin headpiece using tryptophan flourescence (6) . In both studies, a fast phase (≈τ slow /100) was detected and interpreted to be related to fast helix melting and formation. It is important to note that these studies are T-jump unfolding experiments and, as such, cannot be directly related our folding kinetics results. However, they show that it is possible for helix formation to occur on very fast time scales relative to the overall folding transition even for extremely fast folding proteins like protein A and Villin.
Structural kinetic cluster analysis. Although the time-dependence of secondary structure formation and chain collapse in Fig. 2 give useful information, this type of analysis does not provide details about structural states during the folding process. We therefore turn to a structural cluster procedure developed by our group (40) . The basic idea is centered around the concept of a "structural graph" (for an extensive discussion see Ref. (40) The clustering of the snapshots can in principle be performed using any structural similarly measure d. Here we follow Hubner et al. (40) and construct structural graphs using the three order parameters RMSD, DRMS, and ∆R g . Because of the different characteristics of the parameters, each one provides a different perspective on the folding process. Note that the cluster properties we focus on here are "coarse-grained" in nature, which is necessary in a MC study where the dynamics at very short time scales may depend on chain update properties. At longer time scales, however, the detailed balance criterion guarantees that averaged properties will become increasingly accurate. per trajectory (see Fig. 3 ). In the ∆R g structural graph, we see that the GC is a low-R g cluster with MFPT ≈ 4×10 6 MC steps << τ f . As opposed to the RMSD and DRMS structural graphs, where the GC represents the native state, the GC in the R g graph must therefore contain not only conformations that are part of the native basin of attraction but also pre-TSE compact conformations. A key question is then whether the native state is reached through a path within this low-R g GC cluster, or through another path involving more extended conformations. To answer this question, it is useful to consider the location of the transition-state ensemble (TSE) which is shown as a shaded area in Fig. 3 . The determination of the TSE is discussed in detail below. From the somewhat extended nature of the TSE, we see that it is highly unlikely that N is reached by remaining in the low-R g GC cluster, i.e. through a series of compact states. Instead, the TSE is located during fluctuations to more extended conformations after which the chain collapses into the native state. In this sense, the early low-R g states are "off-pathway" (a similar behavior was found for another three-helix bundle protein, ENH (40)). For the Villin headpiece we find, as for protein A, that the largest fluctuations in chain size occur during early times in the folding process.
However, after the initial collapse phase, the Villin chain remains fairly compact throughout the rest of the folding process which is clear from the ∆R g structural graph in Fig. 3 . This is also consistent with the TSE obtained for Villin which is relatively compact, as shown below.
Finally, we note that both protein A and Villin exhibit a semi-high flux cluster (F ≈ 0.6-0.7) in the later stages of the folding process (see Fig. 3 ), and their structural properties and their role in the folding process appear to be remarkably similar. Both clusters are overlapping in time with the native basin of attraction. A closer analysis of the DRMS structural graph for Villin reveals that for 61% of the conformations in this late semi-high F cluster, the corresponding trajectories have passed previously into the GC. For protein A, the corresponding fraction is 71%. From this perspective, these two clusters can be characterized as non-obligatory "post-TSE" intermediate states (similar to "hidden intermediates" found recently (33) ). On the other hand, we find also that there is a small but significant overlap between the TSEs and these late intermediates: 9 out of 46 and 16 out of 57 TSE structures, respectively, are present in the protein A and Villin intermediates. Transition state ensembles. The transition state is key to understanding the folding process as it defines the rate-limiting step for folding. We construct the TSEs directly through the p fold analysis, which is a natural and highly reliable way of determining the TSE. This analysis is based on the notion that each conformation in the TSE has a unique property, namely that trajectories starting from such a conformation have an equal chance of first reaching the native state and the unfolded state, given random initial conditions. We make use of this definition in finding the "true" TSE for our two proteins by first identifying a set of putative transition-state structures, and then confirming or rejecting them based on the probability of folding, p fold , obtained by additional simulations. Since the RMSD GC cluster corresponds to the native state, we hypothesize that most viable putative transition-state structures can be found by selecting structures that immediately precede entry into the GC in the structural graph. This gives us a set of 783 and 798 putative transition-state structures for protein A and Villin, respectively. For each conformation in these putative sets, 100 independent trajectories are initiated randomly and conformations with 0.4 < p fold < 0.6 are taken be part of the TSE (see Supporting Information). This procedure generates a set of 46 Having obtained a representative sample of the transition state using the stringent p fold criterion, we use this set of structures to calculate theoretical Φ-values for our two proteins. We follow previous convention and interpret Φ i for a residue i as the number of contacts present in the TSE for residue i divided by the number of native contacts (in i) (Eq. S3). We included all Φ sim values with standard deviation, σ < 0.5 and the result of our Φ-value calculations is given in Fig. 4 For Villin, only one Φ-value has been published so far, Φ K65 ≈ 1.3 in H3, which was obtained by a Lysine to Norleucine mutation designed to speed up folding (34) . It is unclear to what extent this somewhat unconventional mutation can be interpreted in standard Φ-value language but it appears to suggest that the N-terminal side of H3 is highly involved in the TSE.
Although we were unable to obtain a Φ-value at position K65, our results indicate by contrast that the most organized region of the TSE is centered around the H1-H2 segment. Overall, the situation is therefore similar to that of protein A. However, we note that TSE is overall less organized for Villin (Fig. S4) . Also, we find quite large variations in the Φ-values within both H1 and H2. Low
Φ-values are observed in the N-terminal ends of both H1 and H2.
Discussion
Using a relative simple transferable sequence-based all-atom model, we performed a large number of ab initio protein folding runs for protein A and Villin headpiece providing us with necessary data to study the folding kinetics as an ensemble process. By combining our results, we obtain a "coarse-grained" picture of the folding processes of two 3-helix bundle proteins. Qualitatively the folding scenarios are similar for both proteins, and for another 3-helix bundle protein, ENH (40) .
For protein A, the initial collapse phase coincides with the formation of H3 and a partial formation of H1 and H2. In the subsequent slower phase, H1 and H2 continue to form while the chain visits both compact and non-compact states. Although there is significant secondary structure, these states lack specific global structural characteristics as we see from the absence of high-flux RMSD and DRMS early structural clusters (Fig. 3) . Only when H1 and H2 are sufficiently structured can the transition state be reached, in which the H1-H2 segment is native-like forming a relatively ordered helical hairpin. H3, by contrast, has only limited interaction with this H1-H2 "nucleus" of the transition state. The folding process for Villin differs from protein A's in some aspects. The initial collapse in Villin is accompanied by the formation of both H2 and H3, while H1 forms at a slower rate. We also find that the Villin chain remains mostly compact during the remaining part of the folding process, as shown by the cluster analysis which exhibits only low-R g clusters. The TSE of Villin is characterized by relatively well-formed secondary elements and a native-like H1-H2 segment, similar to the situation in protein A but the TSE is structurally less coherent. The Villin TSE is also quite compact although it is slightly more extended than both the native structure and the early disordered compact states which follow the initial collapse.
The chain collapse behavior in the initial phase of folding which we find in our simulations have been observed, although with some variations, in several other simulation studies of both protein A (11, 12, 14, 16, 17, 40) and Villin (16, 17, (25) (26) (27) remains to be seen. Regardless of this, we find that our results are in good agreement with the bimodal distribution of the FRET signal (see Fig. 6 in Ref. (50)). This can be seen from a clear separation in the probability distributions of 1/r 6 ee (mimicking FRET efficiency) for conformations in the U and N states, respectively, where r ee is the chain end-to-end distance (Fig. S6) . Finally, we note that direct evidence for a compact unfolded state with high degree of nonnative hydrophobic interactions has been recently observed in the Trp-cage miniprotein TC5b using a novel type of NMR pulse-labeling experiment (51).
In terms of achieving a good agreement between theory and experiment, the excellent correspondence we find between Φ exp and Φ sim obtained for protein A is encouraging and means that, overall, the characteristics of the TSE is in very good agreement with the Φ-analysis performed by Fersht et al. (31, 32) across the entire chain. A remaining issue is the extent to which secondary structure is present in the TSE. Our results indicate the presence of significant amounts of helicity in all three helices. This includes H3 which scores low Φ sim -values mainly because of its weak interaction with H1 and H2, in the TSE. Our finding that H3 is structured in the TSE appears to be at odds with the conclusion made by Fersht et al from their Ala→Gly scanning study (31, 32) .
Φ-values from such mutations, when performed at protein surface positions, were interpreted as mainly probing the secondary structure content of the TSE because no tertiary contacts are deleted upon mutation (52) . In light of these experiments, it is therefore possible that the stability of secondary structure elements, in particular H3, are somewhat overestimated in our model.
However, we note that low Ala→Gly Φ exp -values in H3 could also be explained by residual H3 secondary structure in the denatured state D under folding conditions. This situation would produce small ∆∆G D- ‡ 's upon mutation and consequently small Φ-values. There are two factors that indicate that this might indeed be the case. First, all Ala→Gly Φ exp -values in H3 are markedly larger at 2M GdmCl than at 0M GdmCl (see Table 1 in Ref. (32)), which is consistent with the melting of residual secondary structure in the denatured state at 2M GdmCl compared to 0M
GdmCl. Importantly, this trend does not exist for H1 or H2. Second, H3 is the only one of the helices which exhibits some stability on its own. i.e. as an individual fragment (33) . Hence, it appears likely that some residual secondary structure exists in H3 in the denatured state D under folding conditions which may be an alternative explanation for the low Ala→Gly Φ exp -values in H3.
Conclusions and Outlook
We have demonstrated that a simple and computationally tractable transferable all-atom model can capture details of the folding behavior of two small helical proteins at a quantitative level. In particular, we find that the obtained Φ-values for protein A fit experimental data to a degree that has not been achieved by previous simulation studies, while future experiments will have to be conducted to test the validity of the obtained Φ-values for the Villin headpiece.
This study along with a previous investigation of the ENH (40) provides a comprehensive anlysis of folding processes for three-helix bundle proteins at an atomistically detailed level. When we combine the results from these studies a univeral picture of the folding of three-helix bundle proteins emerges. The first step is an initial collapse of the chain accompanied by partial formation of the α-helices (to a greater or lesser extent). On average, the chain remains relatively compact, but frequent visits to more extended structures occur. During such fluctuations, the TSE can be located after which the chain collapses to N. The TSE consists of relatively well-formed helices organized into a two-helix hairpin and a third helix which is partially detached. Within this general framework there can be significant differences in the details, however. For example, the initial collapse phase can be accompanied by the formation of a single helix (such as H3 for protein A) or two helices (H2 and H3 for Villin). Moreover, there are two possibilities for the helical hairpin in the TSE, which is dominated by a H1-H2 in both protein A and Villin. Our simulations (40) and recent experimental work of Fersht and coworkers found that H2-H3 hairpin in ENH forms an independently stable domain (53) . Our analysis suggests that formation of a helix-turn-helix motif prior to entering the TSE is perhaps a universal mechanism observed in folding of 3-helix-bundle proteins, although details of which hairpin is formed may vary.
It would, of course, be highly interesting to examine the folding behavior of proteins with other classes of protein folds with a similar approach. A crucial question is to what extent the universal features of 3-helix-bundle folding discovered here applies to more complicated folds.
Extending the present work to the folding processes a set of proteins involving β-sheet structure is natural, especially in the light of previous successes of the present model to treat a diverse set of proteins within the context of structure prediction (37).
Methods
Energy function. The all-atom energy function E in our previous study (37) has been further developed and now takes the form:
where con E is the pairwise atom-atom contact potential, hb E is the hydrogen bonding potential, trp E is the sequence-dependent local torsional potential based on the statistics of sequential amino acid triplets, and E sct is the side-chain torsional angle potential (see Supporting Text). Detailed information on the first three energy terms can be found in our previous publication (37) . It should be noted that secondary structure information from PSIPRED is not used in this study, which enables us to observe true ab initio folding of proteins (see Supporting Text). . Global and local moves were used for backbone rotation (2) . To keep the detailed balance condition, a knowledge-based move (2, 3)
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was not used, and the local move set was modified (4, 5) (See below). For each trajectory, snapshots were stored at every 10 6 MC step and the energy minimum structure was recorded at the end of simulation.
The side-chain torsional angle energy. The side-chain torsional angle energy (6) was obtained from the same database as our previous study (2) by ( ) ( ) composed of concerted rotation of seven adjacent bonds. They also showed that changes in these seven degrees of freedom are correlated and therefore a new sampling method rather than the conventional Metropolis rule should be used to conserve the detailed balance. We follow their procedure and probability of accepting a move from the old state o to the new state n is given by (5)
where N is the number of solutions, U is the potential energy, T is temperature, and J is the Jacobian determinant. p fold analysis. Transition state ensemble and Φ values were obtained by the following procedure.
From representative trajectories, structures that are just before entering the native cluster were selected as putative transition state structures. Starting from each of these structures, 100 short (10 6 MC steps) MC simulations were executed. If the trajectory finds a structure whose RMSD from the top-k structure is less than 3 Å, then it is considered to be folded. It should be noted that the Relaxation times τ slow and τ fast for each curve are given in the plots. 
